ADDITIONAL INDEX WORDS. waste management, animal waste, floriculture, Petunia ·hybrida SUMMARY. This experiment evaluated petunia (Petunia ·hybrida 'Celebrity') growth response to amending a commercial potting mix (F3B) with different amounts of dewatered aquaculture effluent (AE) and fertigating with a water-soluble, inorganic fertilizer or municipal water. The experiment was a completely randomized 2 · 5 factorial design with eight single-pot replications per treatment. At 39 days after planting (DAP), a significant (P £ 0.05) substrate and water interaction existed for petunia growth index (GI), bloom count (BC), fresh weight (FW), and dry weight (DW). The 100% F3B, 5% AE, and 10% AE substrates benefited with a significantly (P £ 0.05) greater BC, FW, and DW when fertigation was used; however, the water source had no effect on petunia BC, FW, or DW for levels ‡25% AE. Fertigating substrates amended with increasing levels of AE did not improve petunia growth. Conversely, when applying municipal water plant, FW and DW were the greatest using 25% AE.
A quaculture, the production of aquatic animals and plants for human consumption, is one of the fastest growing sectors of animalbased agriculture (Food and Agriculture Organization of the United Nations, 2010). A decline in wild fisheries coupled with a strong consumer-driven demand for aquaculture products has resulted in the adoption of intensive fish production systems. While aquaculture farms have become more productive, they are proactively looking for methods to mitigate environmental impacts. Recirculating aquaculture systems (RAS) have incorporated modern technology to manage nutrients and solid waste in a controlled environment allowing the producer to maximize production per unit area and reuse limited freshwater resources through mechanical removal of solids and biofiltration of dissolved wastes. These systems are currently being used to produce popular food species like nile tilapia [Oreochromis niloticus (Azim and Little, 2008) ] and Pacific white shrimp [Litopenaeus vannemei (Ray et al., 2010) ]. To ensure system sustainability, a RAS discharges dissolved wastes and concentrated organic matter daily. Even though the point of discharge is well defined, the concentrated organic matter and inorganic nutrients are still a liability for the producer (Ebeling et al., 2005) . Therefore, identifying management strategies to minimize nutrient loss is important to intensive aquaculture production facilities and the adjacent environment.
While intensive RAS facilities are investigating methods to use discharged wastes, the horticulture industry is searching for alternative soilless substrates for ornamental plant propagation and production. Sphagnum peatmoss (PM) remains extremely important to the U.S. greenhouse industry and is used as a primary component for greenhouse plants because of its superior physical and chemical properties (Fain et al., 2008) . However, the demand for PM has increased and transportation costs have escalated from heightened costs of petroleum. In an effort to reduce dependence on PM, the horticulture industry has used alternative soilless mixes for complete replacement (Abad et al., 2002; Arenas et al., 2002; Chavez et al., 2008) or mixed their own substrate with locally available and cost-effective amendments for partial replacement of PM substrates (Arenas et al., 2002; Garcia-Gomez et al., 2002; Guérin et al., 2001) .
Few experiments exploit the potential of solid matter in AE as a substrate amendment for container plants. Boyd and Tucker (1998) report only 25% to 30% of the nitrogen applied to an aquaculture production system is harvested with the target species. Uneaten feed or fish excretion of dissolved wastes and fecal matter account for the unused nutrients. Thus, improved nutrient efficiency through integrated agricultural systems is high. Studies have analyzed fish effluent and conclude the nitrogen content and phosphorus levels would make it a good plant nutrient source. Nair (2006) discovered vermicomposted AE used as a potting medium was beneficial to container-grown plants in a greenhouse and would be an effective nutrient source for plants. In addition, Danaher et al. (2011) found tomato (Solanum lycopersicum) seedlings responded positively to different ratios of composted AE as the sole source of nutrients. Palada et al. (1999) found AE performed as well as other organic or inorganic commercial fertilizers for field production of bell peppers (Capsicum annuum). Therefore, separating Integrated production systems are an important production strategy from an environmental perspective because the nutrient output from one production system can provide essential nutrient inputs for another and thus minimizing the environmental impact through on-site recovery and recycling of unused nutrients. The ability to get a double crop (fish + plants) from the same nutrient source will become increasingly important in areas where waste management will be strictly regulated. The aforementioned studies suggest the original effluent stream from RAS should not be thought as an environmental problem, but should be collected and treated as an on-farm resource for horticulture production techniques.
The main objective of this study was to evaluate 'Celebrity' petunia growth in response to partial replacement of a commercially available container mix substituted with different amounts (0%, 5%, 10%, 25%, and 50%) of dewatered AE and watered with either municipal water or a watersoluble, inorganic fertilizer.
Materials and methods
The AE was collected from an intensive, freshwater RAS producing nile tilapia located at the E.W. Shell Fisheries Center, North Auburn Unit in Auburn, AL. Discharged effluent was directed to an area on the groundcovered with a black permeable 3.2-oz woven polypropylene groundcover where it was allowed to dewater via evaporation under sunlight. Moisture content of the AE (68% moisture) was determined before amending the commercial potting mix by taking four, 100-g subsamples and drying them in a forced air oven at 68°C for 72 h. Before mixing the substrates, the AE was manually extruded through a hard plastic netting with a 0.6-cm diamondshaped mesh to reduce the solids cake into a usable form for container production. On 11 Mar. 2011, four substrates were formulated by substituting commercial potting mix (Fafard 3B; Conrad Fafard, Agawam, MA) with 5%, 10%, 25%, and 50% (by volume) AE. The F3B mix consisted of Canadian sphagnum PM (50%), processed pine bark, perlite, vermiculite, starter nutrients, wetting agent, and dolomitic limestone. A composite sample of the F3B and AE was taken and analyzed at the Auburn University Soils Laboratory (Auburn, AL) for chemical properties (Table 1) . Saturated media method was used to extract soluble salts, and elements were determined simultaneously by inductively coupled plasma atomic emission spectrometry using a radial spectrometer (Vista-MPX; Varian, Palo Alto, CA). The substrate pH was determined using a bench-top meter (Accumet Model 50; Fisher Scientific, Pittsburgh, PA). Inorganic nitrogen was analyzed according to Sims et al. (1995) and total nitrogen and carbon according to methods described by Kirsten (1979) .
Substrate physical properties (Table 2) , including total porosity (TP), container capacity (CC), air space (AS), and bulk density (BD), were determined using the in-pot method described by Yeager et al. (2007) and Chavez et al. (2008) . The plastic pots used were 1.3 L (15.3-cm diameter; Dillenä Products, Middlefield, OH), and three replicates were used for each substrate. The nondestructive Virginia Tech pour-through extraction method (Wright, 1986 ) was used to acquire substrate pH and electrical conductivity (EC) of substrates 0 DAP and then 16 and 36 DAP using a bench-top multiparameter meter (Accumet Excel XL50, Fisher Scientific). Initial pH and EC of the water sources were also determined 0 DAP with the bench-top meter (Table 3) .
The experiment was performed in a gutter-connected, twin-wall polycarbonate greenhouse at the Paterson Analyses performed using methods described by Yeager et al. (2007) and Chavez et al. (2008) . At 36 DAP, leaf greenness was quantified for all plants using a chlorophyll meter (SPAD-502; Minolta Camera Co., Ramsey, NJ) and taking the average reading of three mature leaves per plant (Table 3) (Table 4) . Plant shoots were then removed from the container at the substrate surface and FW was recorded. Shoots were then oven dried at 68°C for 72 h to determine DW. The FW and DW included flowers (Table 4) .
Two-way analysis of variance (ANOVA) was used to determine the main effect of substrate and water on petunia growth (Table 4) . Harvest data did not fulfill the assumption of homoscedasticity required for analysis with ANOVA (Bhujel, 2008) ; therefore, z Initial substrate pH and EC before water added to treatments obtained by pour-through method; initial water pH and EC before applying to substrates; pH and EC of solution 16 and 36 DAP obtained by the pour-through method; 1 mSÁcm -1 = 1 mmho/cm. y Leaf greenness of three recently mature leaves per plant was quantified with a chlorophyll meter (SPAD-502; Minolta Camera Co., Ramsey, NJ). x Mean separation of main effects within the same column followed by a different letter are significantly different by Tukey's test at P £ 0.05 (*), 0.01 (**), or 0.001 (***); NS = nonsignificant (n = 8). GI, FW, and DW were transformed before analysis using the base-10 logarithm transformation. The BC data were transformed using the square root transformation. The transformed data were analyzed in SPSS (version 16.0; IBM Corp., Armonk, NY); however, the data were presented in the untransformed form to facilitate interpretation. If a significant interaction existed (P £ 0.05), pairwise comparisons on the individual group means within each simple effect were conducted and means were separated using the Bonferroni adjusted a-level (P £ 0.05). If no significant (P > 0.05) statistical interaction was identified, the main effects of substrate and water were analyzed separately and the means were separated by Tukey's test (P £ 0.05).
Results and discussion
There was no difference in TP, CC, or AS among substrates, which averaged 59.7%, 41.7%, and 17.9%, respectively (Table 2) ; however, BD increased as amounts of AE increased. The BD increases as the amount of animal-based wastes used to amend the substrate increases (Atiyeh et al., 2001) . The physical properties of substrates in this experiment were at the minimum recommend ranges for container-grown plants. Yeager et al. (2007) suggest 55% to 80%, 45% to 65%, 10% to 30%, and 0.19 to 0.70 gÁcm -3 for TP, CC, AS, and BD, respectively.
There was a difference among the pH and EC of substrates 0 DAP (Table 3 ). These differences reflect the chemical properties of substrates before any watering. The pH of substrates amended with AE increased while the pH of 100% F3B (6.0) was less than all other substrates. The initial EC of 50% AE (1.5 mSÁcm -1 ) was greater than all other substrates 0 DAP. There was a difference between the pH and EC of the water source 0 DAP (Table 3 ). These differences reflect the chemical properties of each water source at the start of the experiment. The pH of the municipal water (6.6) was greater than the fertigation water (6.1). Conversely, the initial EC of the municipal water (0.2 mSÁcm -1 ) was less than the fertigation water (1.6 mSÁcm -1 ). The injection of the 20N-4.4P-16.6K fertilizer into the municipal water supply to create the fertigation solution resulted in a more acidic pH and considerable increase in the EC concentration.
At 16 DAP, there was no substrate and water interaction for pH or EC (Table 3 ). The main effect of water did not affect pH or EC; however, the main effect of substrate affected treatment pH and EC 16 DAP. The pH of 100% F3B (6.7) was greater than all other substrates. The pH of 50% AE (6.4) was greater than 5% AE (6.1), 10% AE (6.1), and 25% AE (6.0) substrates, but the latter were not different from one another. Substrates amended with greater than or equal to 10% AE were similar and had an average EC of 5.1 mSÁcm -1 , which was greater than 100% F3B (2.3 mSÁcm -1
). The AE-amended substrates may have been experiencing a period of biological and physical breakdown of the organic wastes, thus decreasing pH and increasing salt concentrations of container leachate (Table 3) . Other container experiments (Dede et al., 2006; Lu et al., 2008) have observed a similar trend with substrates amended with organic wastes. In addition, microbial activity in the substrate may have influenced chemical parameters (Atiyeh et al., 2001 ). Nonetheless, we are unable to explain why EC concentration may have increased for the 100% F3B substrate at 16 DAP. The watering method remained consistent throughout the experiment, but it may be possible the volume of leachate temporarily changed before sampling chemical properties 16 DAP. If leachate volume was reduced, then accumulation of soluble salts could have occurred in the container and were later quantified with the pourthrough method 16 DAP. Also, plant uptake of nutrients may have changed from 16 to 36 DAP. The uptake of nutrients from 16 to 36 DAP may have increased to support continued plant growth and resulted in a decrease in EC concentration during this time period.
There was no substrate and water interaction on pH or EC of treatments 36 DAP (Table 3 ). The main effect of water did affect pH and EC of treatments 36 DAP. The pH of treatments receiving fertigation (5.8) was less compared with treatments receiving municipal water (6.4). Treatments receiving municipal water were slightly above optimal pH (5.4 to 6.2) for petunia (Argo, 2004) . The EC of treatments receiving fertigation (1.7 mSÁcm ) was equal to all other substrates. The relationship observed between increasing amounts of AE and increasing EC concentration of container leachate may have resulted from continued breakdown and release of salts 36 DAP.
At 36 DAP, there was no substrate and water interaction on petunia leaf SPAD readings (Table 4 ). The main effect of substrate did not affect leaf SPAD readings with an average of 43.9 for all substrates; however, the main effect of water resulted in different leaf SPAD readings 36 DAP. Leaf SPAD reading for treatments receiving fertilizer (46.0) were greater than treatments receiving municipal water (41.9). There is often a strong correlation between SPAD measurements and leaf nitrogen content (Sibley et al., 1996) . This experiment did not analyze leaf tissue postharvest to determine nutrient concentrations in the tissue, and it is possible the readily available macronutrients and micronutrients in the fertigation solution resulted in improved chlorophyll concentration of petunia.
In addition, we hypothesize the availability of iron may have affected the leaf greenness levels. Plants receiving municipal water were observed to have mild interveinal chlorosis compared with plants receiving fertigation. Treatments receiving fertigation were provided a dilute concentration of iron EDTA chelate and other micronutrients at each watering because the commercial fertilizer did contain chelated forms of micronutrients. In addition, the pH of fertigated treatments remained within an acceptable range for an iron-inefficient plant group like petunia, whereas treatments receiving municipal water were dependent on the initial iron concentration in the substrate and the chemical properties, specifically pH, of the substrate to maintain iron availability. The pH of treatments receiving municipal water (6.4) 36 DAP were slightly greater than the optimal range (5.4 to 6.2) recommended for petunia (Argo, 2004) . Peryea and Kammereck (1997) proposed a SPAD chlorophyll meter could be used as an unbiased means to assess iron deficiency. In addition, Á lvarez-Fernández et al. (2005) also found a high correlation between iron concentration in the leaf and leaf chlorosis using a SPAD meter. Future experiments should perform postharvest tissue analysis to evaluate tissue nutrient concentration. Specifically, the addition of micronutrients to substrates amended with AE should be assessed on leaf chlorophyll when only municipal water is applied.
At 39 DAP, there was a substrate and water interaction for petunia GI, BC, FW, and DW (Table 4) . The 100% F3B, 5% AE, and 25% AE substrate treatments had a greater GI when fertilizer was applied rather than municipal water. For 10% and 50% AE, the water source had no effect on GI at harvest. A grower fertigating with 250 mgÁL -1 nitrogen would not have to amend F3B with AE to expect an improvement in GI, but amending the commercial substrate up to 50% container volume did not negatively impact petunia GI either.
At 39 DAP, 100% F3B, 5% AE, and 10% AE substrates had a greater BC when fertilizer was applied instead of municipal water (Table 4) . For 25% and 50% AE, the water source had no effect on BC at harvest. A grower fertigating with 250 mgÁL -1 nitrogen would not observe improvements in BC if amending F3B up to 50% container volume, but amending the commercial substrate with AE would not appear to be detrimental to petunia BC either. However, if only municipal water was applied to the petunia, a grower could amend F3B with as little as 5% AE and maximize BC using 25% AE. Amending F3B with 25% AE and watering with municipal water would result in significant improvements compared with the combination of municipal water and 100% F3B. Incorporating AE into F3B would have increased the initial nitrogen content of the substrate (Table 1) , and nitrogen concentration was found to affect petunia flower development (James and van Iersel, 2001 ). In addition, Arancon et al. (2008) observed maximum number of flowers in substrates amended with 30% to 40% vermicompost and at levels greater than 40% vermicompost a decrease in flower production was observed; however, we did not see a difference in BC up to 50% AE.
At 39 DAP, petunias grown in 100% F3B, 5% AE, and 10% AE substrates had a greater FW and DW when fertigated with 250 mgÁL -1 nitrogen compared with municipal water (Table 4) . However, the advantage of using a combination of AE and fertigation only improved petunia growth up to 25% AE with a noticeable decrease in FW and DW at 50% AE. For 25% AE and 50% AE, the water source had no effect on FW and DW at harvest. Additionally, this study demonstrated amending F3B with AE up to 25% container volume did not improve petunia FW and DW under fertigation (Table 4) . But there was no negative impact either indicating it may be safe to amend F3B up to 25% container volume without impacting FW or DW. Fertigating 50% AE led to noticeable decreases in petunia FW and DW. We suspect the petunias grown in 50% AE and receiving inorganic nutrients were unable to provide a salt buffering capacity and protection for the root system (Hicklenton et al., 2001; Lu et al., 2008) . Conversely, when only municipal water was supplied improved petunia FW and DW were recorded with increasing amounts of AE up to 50% container volume. A grower applying municipal water would maximize plant FW using 25% AE, but would begin to observe a noticeable decrease at levels less than or equal to 10% AE (Table 4) . There was no difference in petunia DW at levels greater than or equal to 10% AE, but 100% F3B, and 5% AE were observed to have a noticeable decrease in DW compared with 25% AE.
In this experiment, different growth responses of 'Celebrity' petunia occurred when grown with specific combinations of amended substrate under fixed water regimes. Composted livestock waste from the cattle (Inbar et al., 1993; Jayasinghe et al., 2010) , swine (Atiyeh et al., 2001; Atiyeh et al., 2002; Ribeiro et al., 2007) , and poultry (Kelleher et al., 2002; Tyler et al., 1993) industries has also been used to amend traditional substrates for container-grown plants and reuse organic wastes generated from production facilities. Experiments using organic wastes to amend container substrate have shown a low organic waste (5% to 40%) ratio in the blend often promotes better plant growth than in non-amended blends (Atiyeh et al., 2002; Lu et al., 2008) ; however, the benefit can disappear at levels greater than 50% resulting in reduced plant growth (Chong and Cline, 1993; Nkongolo et al., 2000; Shiralipour et al., 1992; Wilson et al., 2001) .
A similar trend existed for F3B amended with different ratios of AE; however, the water regime also directly impacted overall plant growth and its effect on growth indices was dependent on the container substrates used in this experiment. When municipal water was applied, improvements were observed in petunia BC, FW, and DW when F3B was amended at greater than or equal to 5%, 25%, and 10% container volume, respectively. The AE had a stimulating effect on petunia growth acting as the main source of nutrients (Table 1) in treatments receiving only municipal water. Our findings coincide with previous experiments (Danaher et al., 2011; Nair, 2006; Palada et al., 1999) reporting AE can benefit plant growth and production. As a final point, this experiment should be reassessed by amending a peat substrate mix devoid of starter nutrients. Under this circumstance, larger differences in petunia growth may be observed among treatments.
Conclusion
Dewatered effluent from a RAS has potential to be used as an amendment in commercially available substrates and proved to be beneficial to container-grown petunias. In addition, aquaponic production of floriculture crops is possible using the solids fraction of AE. These results can expand upon traditional aquaponic strategies of using only the liquid fraction of AE as a plant nutrient source; thus, helping to alleviate waste management issues. Future experiments should assess alternative floriculture crops, and the supplementation of micronutrients to substrates amended with AE when only municipal water is applied.
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